The Standardized Precipitation Evapotranspiration Index (SPEI) analysis was conducted using monthly precipitation data and temperature data on a 12.5 km × 12.5 km resolution based on a Representative Concentration Pathways (RCP) 8.5 climate change scenario, and the characteristics of drought were identified by the threshold. In addition, the changes in drought severity and intensity were projected using the threshold based on the run-length concept and frequency analysis. As a result of the analysis, the probability density function of the total drought and maximum drought intensity moved the upper tail for the upcoming years, and the average drought intensity was also projected to become stronger in the future than in the present to the right side. Through this, it could be projected that the drought scale and frequency and the drought intensity will become severer over South Korea because of future climate change.
Introduction
Based on the recent research efforts on climate change, it is projected that South Korea will be one of the countries exposed to the risk of extreme natural disasters, such as heavy rainfall and drought, because of climate change. Since the announcement of the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC), climate change impact assessments have been carried out in South Korea using climate projection data [1] [2] [3] [4] . To assess the extreme climate mostly represented by extreme precipitation, drought, and flood, various analyses were applied to a regional climate model or data using statistical downscaling [5] [6] [7] . The application results generally project that the probability distribution of extreme precipitation will move to the upper tail and that the drought severity and frequency will increase [8] .
The drought starts from meteorological drought and leads to agricultural drought, hydrological drought, and socioeconomic drought; they are monitored or projected using various drought indexes depending on each purpose [9, 10] . Among meteorological drought indexes, Standardized Precipitation Index (SPI) [11] is frequently used because of its simple requirements [12] . The evaluation and projection using SPI of meteorological drought indexes have been actively conducted for South Korea [8, 13] . However, there are some limitations in the assessment of droughts that employs the meteorological drought index because of the multivariate characteristics of droughts. Thus, to consider multivariate drought, an integrated index dealing with various variables, such as runoff, soil moisture, and evapotranspiration, as well as precipitation, has been proposed and applied [14, 15] . Standardized Precipitation Evapotranspiration Index (SPEI) [16] , which considers the demand (evapotranspiration) as well as the supply (precipitation), was suggested, and the meteorological drought is assessed in a more physical manner than SPI.
As it is difficult to define when the drought started and ended, previous researches assessed the risk of drought in an indirect way by conducting the frequency analysis of the drought indexes [10, 17] . Mishra and Singh [18] calculated the drought index for each nonexceedance probability by fitting the SPI value to an EV-1 (Extreme Value Type-1) distribution. Lee and Kim [17] derived drought severity-durationfrequency curves by fitting the annual minimum SPI to probability distribution as a random variable. Mishra and Singh [18] developed severity-area-frequency (SAF) curves for annual droughts by climate change. Most researches in the field considered only the annual minimum value and temporary severity of the drought. However, as the drought is multiscale, the analysis of important variables, such as the magnitude, intensity, and duration of the drought, must be conducted. This study aimed to project future SPEI using RCP8.5 projection data. Since 2014, South Korea has been suffering from extreme drought; thus, this study projected change in extreme droughts under extreme scenarios. In addition, the drought characteristics by the threshold level to the projected SPEI were identified. This study also projected the drought risk of each administrative division of South Korea in the 21st century by fitting the drought characteristics to the Generalized Extreme Value (GEV) distribution.
Theoretical Background and Study Area

SPEI and Threshold Level.
Because SPI does not consider the variables related to temperature, it has a limitation of being unable to consider the change in demand, such as the change in water budget, like the precipitation and evapotranspiration by climate variation. However, SPEI is similar to SPI but can reflect the effect of not only the variability in precipitation but also the variability of evapotranspiration. Thus, this study used SPEI. SPEI is the difference between the random month and PET obtained by using the precipitation and the Thornthwaite equation [19, 20] , as shown in
which is synthesized in each time scale like
Here, is the time scale of synthesis, and is the month used for calculation. The total drought, maximum drought intensity, and drought magnitude were calculated using SPEI ( Figure 3 ). Negative SPEIs mean the dry condition; a drought event is defined when the SPEI is continuously negative and reaches a value of "−1.0" or less [16] . Thus, it is assumed that "−1.0" is the threshold level and that the drought starts in the level lower than "−1.0" in monthly SPEI. The aggregate of SPEI while one drought event lasts was defined as total drought, and the maximum SPEI during the drought was defined as maximum drought intensity. The drought magnitude was obtained by dividing the total drought by drought duration. The aggregate of SPEI while one drought event lasts was defined as total drought, and the maximum SPEI during the drought was defined as maximum drought intensity. The drought magnitude was obtained by dividing the total drought by drought duration. Figure 1 shows the research procedure in this study. First, this study projected the SPEI of South Korea in the future by collecting the grid data of the HadGEM3-RA-the representative regional climate model provided by the Korea Meteorological Administration (KMA). The climate of South Korea is composed of four seasons: spring, summer, autumn, and winter. South Korea's winter is influenced by the Siberian air mass, while its summer is hot and humid because of the maritime Pacific high and monsoon. With this, South Korea has been suffering extreme drought recently. By applying the threshold level to future SPEI monthly time series, the drought characteristics were calculated, and the changes of the risk for future drought characteristics were projected using frequency analysis. The HadGEM3-RA [21] used in this study is a regional climate model produced from the global atmosphere-ocean combination model scenario (HadGEM2-AO, resolution: 135 km 2 ) based on Representative Concentration Pathways (RCP) (Figure 2 ). Figures 4-6 show the projection of the Probability Density Function (PDF) of the GEV distribution in current climate and future climate for total drought, maximum drought intensity, and drought magnitude. This study takes the absolute value of total drought, maximum drought intensity, and drought magnitude; these absolute values follow GEV Type II (Frechet) having right tail. Thus, we fitted drought statistics to GEV distribution regardless of goodness-of-fit test.
Methodology.
Results and Discussion
Results.
In this study, the period from 1980 to 2005 is referred to as current climate, from 2011 to 2040 as Future 1, from 2041 to 2070 as Future 2, and from 2071 to 2100 as Future 3. It was projected that the PDF of total drought GEV distribution will generally show a continuously increasing location and scale parameters in the future. If the shape parameter becomes smaller, the upper tail of the GEV distribution at the upper tail becomes thicker. This means the extreme event occurs more frequently. In addition, the shape parameter of some regions was smaller in the middle part of the 21st century than the later part of the said century. Therefore, the frequency of total drought occurrence on a larger scale was higher in the middle part of the 21st century. This phenomenon of reversal was identified in Gyeonggi-do, Gyeongsangnam-do, Jeollanamdo, and Jeju-do, and this phenomenon is considered to have been caused by more average precipitation in the middle part of the 21st century.
The maximum drought intensity relates to temporary maximum intensity or maximum severity during the drought period; for example, the SPEI of the month when the drought was the severest in a year, and it is the random variable that was used most frequently so far in the risk assessment using drought index. Figure 5 shows the PDF of the maximum drought intensity in the current and future climates, and according to this figure, the location and scale parameters grew increasingly larger in the future. In all regions, the drought of comparatively stronger intensity than the maximum drought intensity in the current climate Advances in Meteorology was projected. This result corresponds with previous studies [22] [23] [24] . According to the analysis result, the average and variation of the maximum drought intensity are increasing, which indicates that the average of the drought having strong intensity will further increase in the future and that the droughts of much stronger intensity will occur among the droughts of strong intensity, and droughts of much weaker intensity will occur among the droughts of weaker intensity. The special trend of the shape parameter related to the occurrence frequency was not identified, but the drought intensity in Gyeonggi-do, Gyeongsangnam-do, and Jeju-do was stronger in the middle part of the 21st century than the later part of the said century. The total drought in Jeollanamdo Province showed more reversal phenomena in the middle part of the 21st century than in the later part of the said century; however, the maximum drought intensity showed no significant difference between the middle and later parts of the 21st century, which means that many total droughts will occur in Jeollanam-do Province in the middle part of the 21st century, but they will have no considerably strong intensity.
Similar to this, as the maximum drought intensity, the location and scale parameters of the drought magnitude (obtained by dividing the total drought by duration) were becoming increasingly larger in the future, and the shape parameter was projected to increase to more than its level in the current climate in all locations except Jeju-do. The drought magnitude (the same concept as precipitation intensity) relates to the intensity for unit time. It is generally projected that the intensity of the precipitation will become increasingly stronger in the future; the drought intensity was also projected to become stronger in the future. The magnitude of the total drought in Gangwondo, Gyeongsangbuk-do, Jeollabuk-do, Chungcheongnamdo, and Chungcheongbuk-do was projected to become increasingly larger in the future, but the drought magnitude in Gangwon-do, Gyeongsangbuk-do, Jeollabuk-do, and Chungcheongnam-do was comparatively smaller in the later part than the middle part of the 21st century, which indicates that the number of dry days in the relevant regions will increase or the under-anomaly of the precipitation will continue for a longer period ( Figure 6 ). Figure 7 shows the rate of increase of total drought in each administrative division in the future climate compared to the current climate according to recurrence period. The possibility of total drought of the later part of the 21st century was projected to be high in Gyeonggi-do, Gyeongsangnamdo, Jeollanam-do, Jeollabuk-do, and Chungcheongnam-do and that of the first part of the 21st century in Gangwon-do and Chungcheongbuk-do was projected to be high as well but only in some recurrence periods. In general, however, the total drought showed the trend of a higher increase in the future climate than in the current climate. The rate of increase became increasingly larger in the future, and it was projected (based on a 100-year frequency) that the rate will increase about three times from the current climate in Gyeongsangnam-do, Jeollanam-do, and Jeollabuk-do. Figure 8 shows the rate of increase of drought intensity in the future climate compared with the current climate in each administrative division according to recurrence period. Because of its great randomness through the use of the annual lowest SPEI, the rate of increase in future climate compared with the current climate did not show a significant trend other than the total drought; however, in Gyeonggido, Gyeongsangnam-do, and Jeju-do, the maximum drought intensity was projected to be stronger in the later part of the 21st century, and in Gangwon-do and Chungcheongnam-do, the maximum drought intensity was projected to be stronger in the middle part of the 21st century. In general, it was projected that the maximum drought intensity will become stronger in the future than the present, but the opposite trend was identified in Chungcheongbuk-do Province. Figure 9 shows the drought magnitude in the future compared with the current in each administrative division according to recurrence period. In Gangwon-do, Gyeongsangnam-do, Jeollanam-do, Chungcheongnam-do, and Chungcheongbuk-do, the drought magnitude was projected to be larger in the middle part than the later part of the 21st century, and in Gangwon-do and Jeju-do, the drought magnitude was projected to be larger in the later part than the middle part of the 21st century. Based on a 100-year frequency, the drought magnitude was projected to increase about 1.8 times from the present in Jeollanam-do Province in the middle part of the 21st century. The climate model is known to have better estimation capability for the temperature than the precipitation. In view of that, the variable that shows an increasingly dramatic trend of increase in the future is the temperature. SPEI is the drought index that considers the difference between precipitation and evapotranspiration, with evapotranspiration as the function of temperature. The stronger drought magnitude in the middle part than the later part of the 21st century indicates that there is a considerably small level of precipitation in the middle part of the 21st century regardless of the increase of evapotranspiration.
The Result of the Change in the Threshold
Level. The drought size in the current and future climates was calculated while changing the drought standard, that is, the threshold level, to "−1" and "−1.5" (Figure 10 ). The total drought in "−1" was becoming increasingly larger in the future (Figure 10) . However, the total drought in Gangwon-do, Gyeonggi-do, Jeollanam-do, Chungcheongbuk-do, and Jeju-do was larger in the middle part than the later part of the 21st century. The extreme total drought below "−1.5" also showed the trend of becoming increasingly larger in the future; however, the total drought in Gangwon-do, Gyeonggi-do, and Jeju-do was larger in the middle part than the later part of the 21st century, and the total drought in Jeollanam-do Province remained in a similar level from the first part to the later part of the 21st century.
The maximum drought intensity below "−1" of the SPEI was becoming stronger and stronger in the future (Figure 11) . However, the maximum drought intensity in Gangwondo, Gyeonggi-do, Gyeongsangnam-do, Jeollanam-do, Jeollabuk-do, Chungcheongbuk-do, and Chungcheongnamdo was stronger in the middle part than the later part of the 21st century. The maximum drought intensity below "−1.5" also showed the trend of becoming increasingly stronger in the future, but the maximum drought intensity in Gangwondo, Gyeonggi-do, Gyeongsangnam-do, Jeollanam-do, and Jeju-do was projected to be stronger in the middle part than the later part of the 21st century.
The drought magnitude below "−1" of the SPEI was becoming increasingly larger in the future even though the extent is comparatively less than the total drought and maximum drought intensity (Figure 12 ). However, it was projected that the drought magnitude of similar magnitude will continue from the current climate to the first part of the 21st century in Gangwon-do, Gyeonggi-do, and Jeollanam-do and that the drought magnitude in Gangwon-do, Gyeonggi-do, Gyeongsangnam-do, Jeollanamdo, Jeollabuk-do, Chungcheongnam-do, Chungcheongbukdo, and Jeollabuk-do was projected to become larger in the middle part than the later part of the 21st century. The drought magnitude below "1.5" also showed the trend of becoming increasingly larger in the future; however, the drought magnitude in Gangwon-do, Gyeonggi-do, Gyeongsangnam-do, and Jeju-do was projected to become larger in the middle part than the later part of the 21st century.
The drought duration in each drought period was calculated ( Figure 13 ). The drought duration below "−1" was 0.76 months/year in the current climate, but drought duration was projected to become increasingly longer in the future and extreme drought to last for longer than 2.50 months/year ( Figure 12 ). The calculation of the drought duration below "1.5" showed similar results. The drought duration was 0.13 months/year in the current climate, but the drought duration was projected to become increasingly longer in the future and extreme drought to last for longer than 1.10 months/year ( Figure 12 ). In general, in Gyeongsangbuk-do Province, the drought below "−1" is expected to last for longer than three months in the later part of the 21st century and the severer drought below "−1.5" is expected to last for about two months. In Chungcheongbuk-do Province, it was projected that the drought below "−1" will last for about three months in the middle part of the 21st century, but with the duration expected to decrease in the later part of the 21st century.
Conclusions
This study aimed to identify the drought characteristics by applying the threshold level method and projected the drought risk of each administrative division in South Korea in the 21st century by fitting the identified drought characteristics to GEV distribution. The result of the analysis about the total drought, maximum drought intensity, and drought magnitude showed that the PDF of the total drought and maximum drought intensity was moving further and further to the upper tail part, and the drought of stronger intensity was also projected to occur more frequently in the future than the current in the right side of the GEV distribution.
The total volume of the mild drought was projected to increase from the current 0.97/year to 3.72/year in the later part of the 21st century, and the total volume of the severe drought was projected to increase from the current 0.20/year to 1.55/year in the later part of the 21st century. The maximum drought intensity of the mild drought was projected to increase from the current 0.49/year to 1.02/year in the later part of the 21st century, and the maximum drought intensity of the severe drought was projected to increase from the current 0.15/year to 0.76/year in the later part of the 21st century. The average drought intensity of the mild drought was projected to increase from the current 0.45/year to 0.87/year in the later part of the 21st century, and the average drought intensity of the severe drought was projected to increase from the current 0.14/year to 0.65/year in the later part of the 21st century. As a result of drought duration calculation, the duration of the mild drought was 0.76 months/year in the current climate, but it was projected to become increasingly longer in the future and to last for longer than 2.50 months/year in the future climate. As a result of calculating severe drought duration, the drought duration was 0.13 months/year in the current climate, but it was projected to become increasingly longer in the future and to last for longer than 1.10 months/year in the future climate. Drought magnitude and duration are key variables. With this, according to the extent of human needs, the drought magnitude also needs to take into consideration separately the maximum drought intensity, drought magnitude, and total drought. In the health-welfare area, for example, the maximum drought intensity among drought features will be the most useful in preventing drought damage (high temperature and dryness) to people belonging to the vulnerable class, and the drought magnitudewith the same concept as precipitation intensity-can provide useful information to the designers of water supply facilities. Because the total drought includes the concept of drought duration, it can provide useful information during the process of drought transition from agricultural to hydrological and socioeconomic drought. There is a significance in projecting future drought on the basis of the extreme climate. Because this study has a limitation to employ a single scenario, future studies should attempt to quantify uncertainties in the combination of multiple scenarios. 
